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Abstract This paper investigates the mechanical behaviour of skew arch bridges taking into 
account the arch ring-backfill interaction. Simulations were performed with the three dimen-
sional computational software 3DEC, based on the Discrete Element Method of analysis. 
Within 3DEC, each brick of the masonry skew arch was represented as a distinct block. Mor-
tar joints were modelled as zero thickness interfaces which can open and close depending on 
the magnitude and direction of the stresses applied to them. The variables investigated were 
the angle of skew and the critical location of the live load along the span of the arch. At each 
skew arch, a full width vertical line load was applied incrementally until collapse. Failure 
modes and ultimate load carrying capacity values obtained. From the results analysis, it was 
found that for a skew masonry arch constructed using the false skew method, as the angle of 
skew increase, sliding between voussoirs in the arch increases and failure load decreases. 
Also, as the angle of skew increases, the loading position with the smallest ultimate load 
bearing capacity is from 1/8 span towards to the direction of the abutments. 
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1 INTRODUCTION 
Masonry bridges are the integral part of the European railway and highway bridge stock. 
Although the time of construction was mostly in the 19th century, these structures can carry 
even the amount of nowadays traffic. The increased loads and the deteriorating structural el-
ements call the civil engineers attention to the importance of accurate assessment and 
strengthening methods. 
Moreover, numerous masonry arch bridges are skewed (i.e. span obstacles at an angle) and 
have been constructed using different bonding patterns (Figure 1). Experience from past stud-
ies demonstrated that the analysis of skew masonry arches is complex and requires the devel-
opment of advanced numerical models of analysis which take into account the geometric non-
linearity and account for three dimensional effects [1]. In addition, for the accurate estimation 
of the load bearing capacity of arches, the interaction between the ring, spandrel walls and fill 
material must be taken into account.  
(a) (b) (c) 
Figure 1: Influence of the construction method on the stereotomy of the skew arch: 
(a) false skew method; (b) helicoidal method; (c) logarithmic method 
Today, the numerical techniques used for the assessment of masonry arch bridges can be 
grouped into three main type: (i) mathematical programming techniques based on limit analy-
sis, (ii) finite element methods (FEM), (iii) discrete element methods (DEM). The advantage 
of mathematical programming is the quick computational time to construct the model and ob-
tain the results. However, a limitation of the approach is that only the ultimate load bearing 
capacity and the corresponding failure mode can be determined. On the other hand, the finite 
elements models can take into account complex material models to consider the heterogenous 
and anisotropic behavior of masonry. Nevertheless, the description of discontinuity (e.g. 
voussoir to voussoir, voussoir to backfill) is difficult since they tend to consider masonry as a 
continuous material. Contrarily, the interaction of distinct blocks can be easily modelled in 
discrete element methods in which masonry can be considered as an assemblage of masonry 
units bonded together by zero thickness interfaces which can open, close and slide according 
to stresses applied to them. On the other side, they involve usually the highest computational 
cost. 
Until now, investigations on the mechanical behavior of skew masonry arch bridges ignor-
ing the contribution of the fill and spandrel walls. Forgács et al. [2] investigated the influence 
of the different construction methods on the load carrying capacity of arches. The aim of this 
paper is to investigate the mechanical interaction of fill and arch ring in shallow skew arch 
bridges. Masonry arch bridges developed in the computational model were loaded with a ver-
tical live load, which acts perpendicularly to the face of the arch. A parametric study under-
taken to investigate the critical position of the load for different in skew angle masonry arch 
bridges. 
This paper is organized as follows: Section 2 and 3 describes the development of the com-
putational model and its validation. In particular, the computational model has been validated 
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based on the full scale experimental tests carried out to the Prestwood bridge. Section 4 pre-
sents the results of the analyses and Section 5 the main conclusions.  
2 NUMERICAL MODEL DEVELOPMENT 
The development of a computational model to study the arch-backfill interaction for skew 
masonry arch bridges is presented. The three-dimensional commercial code of ITASCA 
(3DEC) was used. The code is based on the principles of the discrete element method and is 
able to represent masonry structures as an assemblage of polyhedral blocks. Mortar joints are 
represented as zero thickness interfaces in which mechanical interaction can take place. The 
polyhedral elements can behave in rigid or deformable manner. Deformable blocks can be 
discretized into finite elements. Beside the linear elastic behavior, numerous failure criteria 
are implemented in the software.  
The motion of the blocks follows an explicit time-integration of the Newton’s law of mo-
tion. Central difference method is used, therefore the step size during the integration should 
be carefully chosen. To reach static equilibrium the software applies artificial damping. 
2.1 Geometrical parameters 
There are three different construction methods for skew masonry arch bridges. These are: 
(i) false skew method, (ii) helicoidal method, (iii) logarithmic method. The details of each 
construction method can be found in [2]. In this study, only the false skew method investigat-
ed. The geometrical parameters of a skew arch can be seen in Figure 2. In the model, the arch 
barrel consists of a 300 mm thick arch ring. The arch ring was composed of 40 courses of ma-
sonry units. Masonry units are 500 mm in length (in y-direction, Figure 2). In this way, the 
ratio between the element length (le), width (we) and thickness (t) is approximately 5 : 2 : 3. 
From Forgács et al. [2], for skew arches constructed using the false skew method, low le/we 
ratios (le/we<tan (Ω)) can significantly decrease the load bearing capacity of the arch barrel. 
Backfill was modelled as a single concave discrete element block jointed from convex parts.  
A parametric study undertaken and four different in skew angle masonry arch bridges con-
sidered. The angle of skew Ω was 0°, 15°, 30°, 45°; where “zero-degree skew” refers to regu-
lar arch. According to Figure 2 the width of the arch (b) was kept constant, independently 
from the angle of skew. Hence, the size of the arch in the y-direction (Figure 2) depends on 
the angle of skew and is equal to b/cos(Ω). The spandrel walls were not taken into considera-
tion. 
The investigated geometrical parameters are summarized in the Table 1: 
Span (s) Rise 
Width of 
the arch (b) 
Barrel  
thickness (t) 
Angle of skew 
(Ω) 
Backfill 
height at 
crown 
6.550 m 1.428 m 3.000 m 0.300 m {0°,15°,30°,45°} 0.165 m 
Table 1: Geometrical characteristics of the analyzed bridges 
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Figure 2: Geometrical parameters of the arch barrel (30° angle of skew) 
2.2 Material parameters 
Masonry units (i.e. voussoirs) were modeled as deformable blocks able to behave linearly 
elastic. The material properties assigned to the voussoirs are shown in Table 2. Backfill was 
modeled as an isotropic, linearly elastic element behaving according to Mohr-Coulomb failure 
criterion with tension cut-off. The material properties of the backfill are shown in Table 3. 
Density Young’s modulus Poisson’s ratio 
2000 kg/m3 15 GPa 0.3 
Table 2: Material properties of the voussoirs 
Density 
Young’s 
modulus 
Poisson’s  
ratio 
Internal  
friction 
Cohesion 
Tensile 
strength 
2000 kg/m3 15 GPa 0.3 37° 10 kPa 10 kPa 
Table 3: Material properties of the backfill 
Blocks interact together by contact points. It was also assumed that no tensile stress can 
develop on the contacts. In tangential direction the shear stress is limited according to Cou-
lomb-friction, as follows: 
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 tan( ) c     , (1) 
where σ, τ are the normal and shear stress respectively; φ is the frictional coefficient, c is 
the cohesion of the contact. Non-associated flow rule is applied; hence the dilatation angle of 
the contacts was set to 0°. The stiffness of the contacts was taken from the experimental data 
of Jiang and Osaki [3]. 
Joint normal 
stiffness 
Joint shear 
stiffness 
Friction angle Cohesion 
Dilatation 
angle 
Tensile 
strength 
7.64 GPa/m 1.79 GPa/m 35° 0 kPa 0° 0 kPa 
Table 4: Material properties of the contacts. 
2.3 Zoning and damping parameters 
Blocks were modeled as deformable blocks subdivided into tetrahedral finite elements. By 
default, the tetrahedral finite elements have constant strain field in the software, however they 
might be not accurate enough when plastic strains arise. More accurate results can be 
achieved with high-order finite elements [4]. In this case the constant-strain finite elements 
are converted into degenerate four-sided isoparametric elements.  
During the solution mass scaling was applied to speed up the convergence. The so-called 
auto-damping was used; which is a viscous damping able to absorb vibrational energy as fast 
as possible. This type of damping causes energy to be absorbed in proportion to the rate of 
change of kinetic energy. 
2.4 Loading and boundary conditions 
Two types of load acts on the structure: a) dead loads, arising from the structural self-
weight; and b) live loading. The live load was represented on the top of the backfill with the 
help of a full width loading element. The 300 mm wide loading element was positioned per-
pendicular to the face of the arch (Figure 2). 
The base of the masonry arch was fixed in all directions. Spandrel walls were not modelled 
in this study. Hence, there is a free boundary condition at the faces of the arch. It should be 
noted that the cohesion of the backfill is sufficiently high to avoid the plastic lateral flow of 
the backfill. 
In the first loading step the model was brought into equilibrated under its own weight. 
Then a displacement controlled live load applied by assigning a downwards velocity to a 
loading element. The magnitude of the applied live load was measured directly below the 
loading element by summing the normal stresses on the touching contact surfaces between the 
loading element and the top of the backfill. During the loading the vertical displacement of 
the loading element was also measured. 
The velocity of the loading element was carefully chosen to avoid dynamic response at the 
structure. A value of 0.005 m/s velocity was chosen for the simulations. 
3 MODEL VALIDATION 
The developed computational model was validated against the field scale experimental test 
results obtained from the Prestwood bridge [5]; which is a single-span, regular (0° skew) arch 
bridge which was loaded until collapse with detached spandrel walls (Figure 3a). 
The span (s) of the vault is 6,550 mm, while the rise is 1,428 mm. The barrel consists a 
single ring of bricks with a thickness (t) equal to 220 mm. The backfill height at the crown is 
165 mm, while the width of the arch is 3,800 mm. The 300 mm wide loading element was ap-
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plied across the bridge at quarter span. The material properties of the fill and voussoirs are 
shown in Tables 2 and 3. The experimental and the numerical collapse mechanism are shown 
in Figure 3. 
 
(a) 
 
(b) 
Figure 3: Collapse mechanism of Prestwood bridge: (a) experimental test [6],  
and (b) discrete element model 
The experimental collapse load was 228 kN. The 2D numerical model of Cavicchi and 
Gambarotta [6] based on finite element limit analysis predicted a failure load equal to 267 kN 
using the same material parameters that are used in this study. The ultimate load bearing ca-
pacity predicted by the presented discrete element numerical model was 252 kN. 
 
Figure 4: Effect of the loading velocity on the mechanical behavior 
The velocity of the loading element should be carefully chosen: at high velocity the struc-
ture behaves stiffer and the ultimate load bearing capacity is higher (Figure 4). On the other 
side, too low velocity makes the computational cost unaffordable. Considering these effects, 
0.005 m/s velocity is chosen to the simulations. 
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4 RESULTS AND DISCUSSION 
The ultimate load bearing capacity of four different in skew angle masonry arch bridges 
investigated. Seven different loading positions examined. These ranged from the abutments 
(load position: x/s = 0/16) towards to the midspan, until the 6/16 of the span. Results are 
shown in Figure 5. 
 
Figure 5: Load bearing capacity at different loading position 
The load position at which the arch bridge can carry lower load for a regular arch is at 1/8 
of the span which is in agreement to the findings of Tóth et al. [7]. For masonry arch bridges 
containing medium skew (15°, 30°) are able to carry higher load bearing capacity when com-
pared to the regular arch if the loading position is higher than 1/4 of the span. The increase is 
proportional to 1/cos(Ω). This phenomenon is reported only at moderate skew angles, and can 
be explained with the longer y-directional length of the skew arches. For arch bridges with a 
large amount of skew, the critical load position is around 0.06 of the span, while the ultimate 
load bearing capacity is only the 2/3 of the regular arch. 
The load-displacement curves corresponding to the bridges constructed with different skew 
depict differencies in their mechanical behaviour (Figure 6). While the stiffness of the regular 
and moderate skew bridges is very similar, the 45° skew bridge shows weaker behavior. 
Moreover, the deflection of the 45° skew arch bridge under self-weight is larger with one 
order of magnitude compared to the regular arch and equal to 6.5 mm. Also, the skew 
masonry arch bridges loaded near to the abutments show “plastic” behavior in a wide range. 
As the loading position moves to the midspan, the plateau of load-displacement is followed 
by a softening behaviour (Figure 6(b)). 
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(a)       (b) 
Figure 6: Load-displacement curves at different loading positions 
Figure 7 presents the trajectories of the minimum principal stresses (maximum compres-
sive stress) in the backfill for a skew arch bridge with 45 degrees. From Figure 7, with the ap-
plied soil properties, the dispersion angle is approximately equal to 30°. 
   
Figure 7: Load dispersion effect in the backfill (angle of skew: 45°, load position: 2/16) 
The stress trajectories of the voussoirs in a 45° skew arch help to understand the behavior 
of these structures. As long as the stresses of a regular arch are distributed uniformly on the 
full length in y-direction, the stresses of a skew arch are concentrated to the obtuse angles of 
the arch barrel (Figure 8). 
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Figure 8: Minimum principal stresses in a 45° skew arch (load position: 4/16) 
Figure 9 shows the failure mechanism in a 45 degrees skew masonry arches as obtained 
from the numerical model. From Figure 9, the failure is governed by a four-hinge mechanism: 
3 hinge rows develop parallel to the loading element, while the fourth is parallel to the 
abutment. The acute angled part of the arch barrel is severly loosened, while voussoirs start to 
slide inwards. 
  
Figure 9: Failure mechanism of a 45° skew arch (load position: 4/16) 
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5 CONCLUSIONS  
A numerical model based on the discrete element method is presented able to provide in-
sight into the mechanical behavior of skew masonry arch taking into arch-soil interaction. The 
limitation of the model is that it does not contain the spandrel walls. Also, only the false skew 
constructional method was considered. The performance of the model was compared to the 
Prestwood bridge field test experiment and good agreement obtained. During the parametric 
study four different angle of skew are investigated and the following conclusions can be 
drawn: 
 As the angle of skew increases, the loading position with the smallest ultimate load bear-
ing capacity is from 1/8 span towards to the direction of the abutments. 
 The arch with the highest skew (45°) shows significantly weaker behavior. The load 
bearing capacity and the stiffness of the bridge is lower. The frictional resistance between 
the voussoirs is not high enough to transmit shear forces. 
 When the applied line loading is perpendicular to the face of the arch, the failure mecha-
nism is governed by 4 hinge-mechanism. The voussoirs at the acute angle is loosened 
during the application of load. This agrees with visual investigations carried out by engi-
neers, who reported blocks falling out at the acute angle of these structure. 
In the future, the mechanical behavior of skew arches constructed using the helicoidal and 
logarithmic construction methods will be investigated.  
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